INTRODUCTION

Background
River flood events cause large economic damages and casualties requiring public and private stakeholders to manage flood risk. Flood risk constantly changes due to amongst others, urbanization of previously uninhabited areas, deterioration of existing protection structures and climate change (Merz, et al. 2010; Novoa, 2013) . As a consequence flood risk management strategies have to be continuously reevaluated and updated if necessary.
To cope with these challenges, decision makers have a plethora of possible risk reduction measures to choose from. These can be divided into structural measures, which physically restrain floodwaters (e.g. dams, dikes, local flood barriers, sand bags), and non-structural measures (e.g. early warning system). In this paper only structural measures are considered.
The nature of structural measures varies greatly in terms of cost, size of the protected area and time required for implementation etc. Large dams protect whole flood plains and often require over a decade from inception of planning to operation. On the other extreme, local flood barriers protect areas up to a neighborhood and require only few months for implementation.
In flood prone areas flood risk management is often achieved through a combination of hierarchically integrated defense structures, which together form a comprehensive flood protection system (Figure 1 ). The geographical reach of each protection structure is different. Figure 1 illustrates the hierarchical protection system from the perspective of an individual exposure, i.e. the exposure is protected by one structure on each hierarchical level.
When the whole river system is considered, a different picture is encountered, as each hierarchical level may entail a number of structures (see Figure  2) .
The integration of several protection hierarchies can be permanent or temporal. Examples of situation where the integration is temporal include the construction of large-scale defense structure, where complementing measures at a lower hierarchical level might be needed while the main structure is under construction.
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In current practice, structures are often optimized individually, that is, without considering potential benefits of having several hierarchically integrated structures. It is here argued that it is beneficial to jointly consider all hierarchically integrated protection structures in a river system. The advantages of a joint evaluation of flood risk reduction measures are recognized in literature, see Dawson et al. 2004. and Nehlsen & Wilke 2007. 
Hierarchical decision making
Hierarchical decision making is here understood as a decision process which considers several hierarchically integrated components of a system. In contrast, single component decision making only considers one component at a time. In the context of flood protection systems, the components are protection structures.
Hierarchical decision making has been researched in several other topical areas, such as structural engineering (Vadde et al. 1994) , mechanical engineering (Kuppuraju et al. 1985) and infrastructure management (Gómez et al. 2013) . It is noted, that in these papers hierarchy has a different connotation as it refers to a system and hierarchically subordinated subsystems, i.e. components, whereas in the present paper hierarchy refers to a number of components which are hierarchically integrated.
In the context of flood protection system, hierarchical decision making presents several benefits in comparison to single structure decision making, as it allows approaching questions that can otherwise not be answered. In the following four instances are described, where the utilization of a hierarchical consideration is beneficial. 1) When a decision maker is responsible for only one protection structure, it allows identifying the optimal decision alternative for the structure in his responsibility under consideration of all other structures in the protection system. The decision maker may also consider possible future changes on other hierarchical levels of the protection system, and optimized its structure accordingly. An example of such a situation is a company that has to decide how to best protect its facilities from floods under consideration of the government's present and future flood risk reducing actions. 2) Decision makers have to identify on which hierarchical level risk reduction measures are most beneficial. This situation can be encountered e.g. when central government has to decide to which local entity to allocate money for flood risk management. 3) Decision makers want to identify the optimal configuration of the flood protection system, which is found through a joint optimization of all hierarchically integrated protection structures. 4) Decision makers want to consider, and if necessary plan, risk reduction capacity in a flood protection system. As previously mentioned, such a situation is encountered when large protection structures are constructed but the future evolution of flood risk is uncertain.
Challenges
Little research is found in regard to hierarchical decision making in the context of flood risk management. Whereas the necessity of a joint consideration of flood risk protection structure is acknowledged in Dawson et al. 2004 , the challenges for solving such a decision problem are not found in literature. In the following three challenges are identified and described. Firstly, flood risk reduction decision making generally involves hydrodynamic modeling which is computationally expensive. Each alternative flood protection system configuration needs to be considered separately in the hydrodynamic model. Moreover, the accurate evaluation of flood risk may require the modeling of breaching scenario for each prospective protection structure, see Dawson et al. 2005 , bringing the required number of runs of the hydrodynamic model to prohibitive levels. As a consequence an efficient modeling framework is required which allows reducing the computational costs of hydrodynamic modeling.
A second challenge is identified in dealing with probabilistic dependencies at different hierarchical levels. In particular, when flood damages are aggregated from a low spatial scale to a higher scale it has to be considered that damage distribution are dependent, e.g. on epistemic uncertainty parameter, and can thus not be simply convoluted. Although a well known problem, a computationally efficient solution is not readily at hand.
Lastly, it is important to identify in which situations the hierarchical consideration is particularly relevant. It is mathematically trivial that hierarchical consideration, when compared to single structure consideration, generally leads to lower costs and thus more beneficial system configuration. Nevertheless, the added benefit of utilizing the hierarchical consideration may vary depending on the analyzed system and its uncertainties. In particular, the benefit of hierarchical decision model might depend on the epistemic uncertainty of hazard, the epistemic uncertainty of the spatial distribution on exposure, the degree of spatial concentration of the exposure and to the uncertainty in exposure's vulnerability.
Paper outline
This paper takes on the third challenge. By considering all hierarchically integrated structures in a protection system it aims at identifying for which uncertainty parameterizations, large upstream protection structures are more beneficial than local downstream protection structures and vice versa. In this regard, several hypotheses are formulated and tested through a sensitivity analysis in respect to several uncertainty parameters.
The structure of the paper is as follows. First, a decision model for hierarchical decision making is introduced. Thereafter an example is presented and several of its parameters are varied in the aforementioned sensitivity analysis. Further the results are presented and discussed, followed by conclusions.
METHODOLOGY
A decision model for hierarchical decision making in the context of flood risk reduction is introduced.
Decision alternatives
A system with L hierarchically integrated protection levels is considered. The decision alternatives at the l -th hierarchical level,
, where (0) l a identifies the "no action" alternative, i.e. the status quo.
Each protection level might include a number of structures which operate in parallel and can be implemented independently from each other (as illustrated in Figure 2 ). Note that decision alternatives do not represent the state of an individual structure, but rather all mutually exclusive combinations of states of all structures on a hierarchical level. For instance, if hierarchical level l includes s individual structures and each individual structure can be in two mutually exclusive states, l A will include 2 s m  decision alternatives.
A decision alternative for the whole protection system is represented by ( )  a which combine a decision alternative for each hierarchical level as
. The set of different decision alternatives for the whole protection system is
. Depending on the decision problem, constraints might be introduced on A , e.g. if the decision maker only have control over one hierarchical level.
Decision model
The vector
contains all random variable influencing the decision problem. Moreover all other parameters influencing the decision, which are not considered random, are collected in vector 
The optimal system configurations A   a minimizes costs from Equation (1), and is found as
3 SENSITIVITY ANALYSIS
The purpose of the sensitivity analysis introduced in the following is to assess in which situations the hierarchical optimization is most beneficial, i.e. test the hypotheses introduced at the end of this section. the property that might get affected by floods, is distributed over the study area. A schematic representation of the study area is given in Figure 3 . In the example the future evolution of climate is considered a major source of hazard uncertainty. Two climate scenarios are postulated and it is assumed that a decision in regard to either protection structure can be taken at present time or at one time in the future when further information on climatic evolution is available.
To allow general conclusions to be drawn, a large number of different parameterizations of the example model, i.e. combinations of parameters in vector γ , are considered and the average tendencies are investigated.
Upstream hierarchical level
It is assumed that a dike with 5 m height already exists and the decision makers have the choice to leave the dike unchanged (decision alternative a . If the dike is upgraded the construction time is assumed to be 10 c t  years and the lifetime is assumed to be 100 T  years. The area protected by the dike comprises the whole flood plain and thus all exposures.
Downstream hierarchical level
The decision maker has the possibility to install local flood barriers to complement the dike. It is considered that a LFB protects one grid cell and as such, an independent decision is taken for each grid cell. Thus, the number of decision alternatives for the downstream hierarchical level is 2 CHF. As for the dike, the lifetime of LFBs is 100 T  years; the construction period is disregarded as it is comparatively short.
Exposure portfolio
The spatial distribution of exposure in the portfolio has a large impact on the result of the decision model. To allow drawing general conclusions, the influence of a particular spatial distribution on the results should be minimized. For this reason, for each model run a different exposure distribution is considered and the average tendency investigated. The different realizations of exposure distribution are created according to the parameterization and methodology introduced in the following.
The The yearly probability,
e is modeled according to Equation (4).
The river discharge serves as input into the hydrodynamic model, LISFLOOD-FP (P. D. Bates & De Roo 2000) , which models river runoff as well as flood plain inundation. The hydrodynamic model is run for each combination of event j e and decision alternative w a e for each grid cell k in the study area.
Note that the structures at downstream hierarchical level, i.e. LFBs, are not included in the hydrodynamic model, but are considered through simple manipulation of hazard maps. The water depth,
, when an LFB is installed is found as follows:
, .
This is justifiable as it is thought that LFB have a limited impact on the large scale hydrodynamic flows and can thus be omitted from the hydrodynamic model.
The uncertainty term of the DEM is considered in a similar manner. Small changes in the DEM are expected to translate directly into the same change in the inundation depth, therefore the uncertainty term is subtracted directly from the inundation depth yielded by the hydrodynamic model. Thus for grid cell k the inundation depth will be:
. The inundation depth with an LFB installed, , ,
, is calculated analogously. In the following the focus is shifted to the consideration of climate change. As previously mentioned, the future evolution of climate is considered as a source of hazard uncertainty. In this example two possible climates are modeled, namely 
Vulnerability
The vulnerability model expresses the damage degree k D , i.e. the damage in grid cell k as a ratio of exposure value k V , in function of the inundation depth with a logistic function as per Equation (6) e 1 
3.1. 
DISCUSSION
In the following results are discussed in the light of the hypotheses formulated in Section 3. A lack of knowledge in regard to the spatial distribution of exposure, i.e. a large value for u  , a dike is more beneficial than the installation of LFBs ( Figure 5 ). This reckoning is relevant e.g. in developing countries where the location of exposure is often unknown.
Similar observations are made in regard to the spatial dispersion of the portfolio (Figure 6 ). When dispersion is large, a dike becomes more beneficial compared to LFBs. The reason for this is found to be that concentrated portfolios present higher exposure value per grid cell and thus the relatively cheap protection offered by LFBs is very effective whereas in dispersed portfolios, exposure value per cell is lower and expected damages for the cell cannot justify the expense for the construction of a LFB.
The analysis in regard to DEM  (Figure 7) confirms the third hypothesis as it indicates downstream structures, i.e. LFB, are more beneficial then upstream structures when DEM  is large. The reason is found to be that the benefit of LFB is mostly unaffected by an increase in uncertainty in the DEM, whereas the benefit of the dike decreases. LFB are unaffected by DEM uncertainty because they are installed locally, i.e. at the same geographical scale as DEM uncertainty is modeled. LFB are simply built on top of the uncertain terrain and thus offer protection up to The results confirm that epistemic uncertainty impact the result of hierarchical decision making. In particular the hierarchical level on which risk reducing measures are most beneficial may change depending on the magnitude of epistemic uncertainty. One implication of this finding is that a better understanding of the system, e.g. through collection of data, can lead to a completely different protection system.
Many aspects of the here presented example model are simplified, particularly the flood risk model underlying the decision model. In further studies a more sophisticated flood risk model should be utilized, for instance considering the probability of breaching of protection structures. Such consideration will require solving the challenge related to large computation time of hydrodynamic model mentioned in the introduction. Nevertheless it is noted that the presented model can be readily utilized in practical cases to identify on which hierarchical level flood risk reduction measures are most beneficial.
Further, efforts should be undertaken to extend the model to more hierarchical levels and to more decision alternatives per structure. Also, the models behavior with other hazard and orographic conditions should be tested.
Currently it is considered that the decisions can only be taken at times 0 t t  and 1 t t  , in reality the decision can be taken at any time when new evidence becomes available. A methodology to extend the decision model to more time steps can be found in Nishijima & Anders 2012.
CONCLUSION
In many situations flood risk is reduced through a combination of several risk reduction measures. In the case of structural measures, these might be hierarchically integrated to form a comprehensive flood protection system. Nevertheless, in current practice protection structures are often evaluated and optimized individually without considering the possibility of having several hierarchically integrated protection structures. In contrast, it is here argued that it is beneficial to jointly consider all hierarchically integrated protection structures in a river system. The situations, in which hierarchical consideration might be helpful, are given in the introduction alongside several challenges encountered in hierarchical decision making.
Hierarchical decision model allows approaching questions which could not be approached in a single structure decision model. For instance it allows decision makers to identify on which hierarchical level protection measures are most beneficial, e.g. to allocate money accordingly. For such a situation a sensitivity analysis is carried out. In particular it is analyzed what influence the epistemic uncertainty has on the benefit of large upstream structures (e.g. dike) versus local downstream protection structures (e.g. local flood barrier). Moreover, the same analysis is carried out in regard to the degree of dispersion of the portfolio.
The analysis shows that benefit of structures may vary depending on the magnitude of epistemic uncertainty. Although it cannot be concluded that large epistemic uncertainty automatically favors large upstream protection structures, the findings are quite clear. When exposure is spatially dispersed and its spatial distribution uncertain, a dike is generally more favorable then local flood barriers, whereas concentrated exposure with a well-known spatial distribution favors local flood barriers. Uncertainty in the digital elevation model renders large upstream protection structures less attractive, and thus favors local flood barriers.
